Exposure of chicken embryo fibroblasts (CEF) to trypsin solubilizes cell surface components, including the initial attachment site for avian tumour viruses (ATV). This soluble attachment site activity appears to interact directly with the ATV in vitro thereby interfering with the binding of at least two ATV subgroups to both intact CEF and CEF plasma membranes. A result of this interaction in vitro is reduced ATV infectivity, demonstrated by reduced transforming capacity of RSV (RAV-I).
INTRODUCTION
The initial interactions between avian tumour viruses (ATV) and their host cell surface have not been completely elucidated. Avian tumour viruses may be arbitrarily grouped into two categories: (I) typified by RAV-I, adsorbs with high efficiency; this adsorption is usually not affected by treatment of the cells with polycations (Hanafusa, I975) ; (2) the majority of the other ATV (subgroups B to F, including RAV-2) adsorb relatively poorly (0"3 to z ~o of input). Attachment of these latter viruses is increased by treating the cells with polycations (Hanafusa, 1975) and adsorption of RAV-2 may also be enhanced in cells pre-infected with RAV-r (Hanafusa & Hanafusa, I967) .
Virus adsorption, as opposed to the subsequent penetration step, occurs readily at low temperatures and, in the absence of polycations, requires intact virus surface glycoproteins (Rifkin & Compans, i97 r ; Scheele & Hanafusa, I97I ; Moldow, McGrath & Van Santen, i976 ) . Penetration of certain ATV subgroups appears to be blocked both in cells which are prepared from embryos genetically resistant to the respective subgroup of ATV (Piraino, I967) , and in cells previously infected with a virus of the same subgroup as a second challenge virus (interference; Steck & Rubin, I966) . Genetically resistant cells apparently lack a site (receptor) necessary for penetration, while in previously infected cells (noninterferon mediated interference) the site controlling penetration may be occupied by the previously infecting virus. Evidence from several laboratories however, indicates that the intial attachment site is present both on genetically resistant cells, and during non-interferonmediated interference (Steck & Rubin, I966; Piraino, I967; Hanafusa, I975; Moldow et al. I976) . The binding is heat stable, protease labile, and present on membrane isolated from both resistant and susceptible CEF. ATV binding activity of the plasma membranes therefore to lOO °C for 5 min, and centrifuged at IOOOO g for 15 min. This supernatant fluid was dialysed against water, concentrated by lyophilization, and stored at -20 °C. All dialyses were done at 4 °C using Spectrapor dialysis tubing (Spectrum Med. Ind., Los Angeles, California) with a mol. wt. cut-off of 6ooo to 8oo0. For assay, the lyophilized material was reconstituted in o'15 M-NaCI containing o.oi M-tris, pH 7"4, or TEN buffer. Approx. 2. 5 × lO s CEF were treated with trypsin to produce IO #g of ASA as neutral sugar.
Whole cell attachment. Secondary CEF were removed from culture, washed with cold buffered saline, and used within i h of harvest. CEF (1 × Io 7) were incubated in a o.8 ml reaction mixture in buffered saline (pH 7"4) with 2ooo to 2ooo0 ct/min of purified radioactive virus at 4 °C. After incubation, the cells were diluted tenfold with cold buffer, sedimented at IOOO g for 4 min, and washed twice. The pellet was disrupted in o.I ~o Triton X-ioo (Sigma) and the acid-insoluble radioactivity determined. The assay mixture was maintained at 4 °C until the final wash was completed.
Virus attachment to plasma membrane fractions. As previously described (Moldow et al. 1976) , chicken embryo fibroblast membranes were prepared by a modification of the method of Boone et al. (1969) . These membranes were IO to 2o times enriched for the plasma membrane markers (ATPase and lactoperoxidase catalysed iodination). Approx. 200 #g of the plasma membrane protein was incubated with labelled virus in TEN buffer in a I-2 ml reaction mixture at o °C for 25 min. These samples were made to 45 % sucrose and layered over a 6o % sucrose cushion. This mixture was then overlayed with 3 ml of 40 % and 3 ml of IO% sucrose, and centrifuged at 9oo0o g for 20 min. Fractions were collected and each tube assayed for acid precipitable counts. Membranes and bound ATV migrate to the lO/4O% sucrose interface; virus centrifuged in the absence of membrane remained with the 45 % sucrose fractions. In each assay, a control tube, consisting of virus incubated without membrane, was included. The percentage of virus bound to membrane was calculated according to the following equation:
/ct/min in membrane peak Ioo)-/ct/min in control peak × Ioo). % bound = \ To-~l ctT-m~ g~e---~-x _ \ Total ct/min gradient This procedure is highly reproducible. Binding is dependent upon virus concentration, membrane protein concentration, time, and the presence of intact virus surface glycoproteins. Assay of soluble virus attachment site activity. Labelled virus was incubated in TEN buffer with fractions containing putative ASA at 4 °C for 3o min. This mixture was then exposed either to intact cells or CEF plasma membranes. Virus binding to the plasma membranes or intact cells was assayed as described above. Control tubes containing only labelled virus were incubated in buffer and assayed in an identical manner. Attachment site activity was quantified by the reduction in the amount of labelled virus bound by either whole cells or plasma membranes after incubation of the virus with ASA, compared to virus incubated in TEN buffer.
Analyticalprocedures. The procedure of Lowry et aL (I95 I) was used to measure protein with bovine serum albumin as standard, and neutral sugar was quantified according to Dubois et aL (I956) with a galactose standard. Lipid extraction was performed as previously described (Moldow, Robertson & Rothfield, I972) , and periodate oxidation carried out as outlined by Spiro (1972) . To determine alkali stability, the soluble attachment activity was exposed to o'5 N-NaOH at 4 °C under nitrogen for 36 h; the pH of the sample was then adjusted to neutrality. Excess sodium borohydride was added, and the material incubated for 12 h at o °C. The sample was then dialysed and lyophilized. Control samples were treated in an identical fashion omitting the exposure to alkali. The effect of RNase upon ASA was determined by incubating ASA with Ioo #g/ml of RNase for 30 min at 37 °C. Gel electrophoresis in the presence of sodium dodecyl sulphate (SDS) was performed as previously described (Moldow et al. I972) .
RESULTS

Inhibition of virus attachment to intact CEF
Since the ATV binding capacity of plasma membranes isolated from CEF is markedly impaired by exposing the CEF to proteases (Moldow et al. I976) , we examined the cell surface material released by proteolysis for the presence of constituents which would impair virus attachment in vitro. The supernatant fluid obtained from trypsin-treated CEF was prepared as in Methods, and then assayed to determine whether it would inhibit virus attachment to CEF. Attachment of RSV(RAV-0 and RSV(RAV-2) was blocked approximately 6o ~o by 36 #g (neutral sugar) of the crude supernatant fraction ( Table I) . Assay of whole cell virus binding was carried out under conditions in which binding is linear with respect to both time of attachment and cell number. Both viruses were inhibited to a similar degree by equal concentrations of the CEF protease digest.
Inhibition of focus formation
To further validate the biological relevance of the impairment of virus attachment to CEF, the effect of ASA upon the ability of RSV(RAV-0 to induce transformation is shown in Table 2 . Virus was incubated with small amounts of trypsin-solubilized ASA at 4 °C for t h; several virus dilutions were then examined to determine their focus forming capacity. Control virus preparations were incubated in TEN buffer under the same conditions. Virus exposed to the attachment site activity produced about 5o % fewer foci compared to the control virus preparation. Similar results were obtained with ASA solubilized by pronase treatment of the CEF (not shown). Extensive pronase degradation of the CEF surface also resulted in a 5o to 7o ~o reduction in the capacity of the fibroblasts to be transformed by RSV(RAV-I) suggesting removal of the attachment site. This effect was demonstrable when virus was added as late as 2 h after pronase exposure but was not seen if the CEF were cultured for 24 h after pronase treatment. The pronase treated cells were 95 °/o viable by Trypan blue exclusion and plated with 7o % of the efficiency of cells not exposed to enzyme.
Inhibition of virus attachment to chick plasma membrane fractions
A typical binding-inhibition assay (Fig. I) illustrates the reduction in attachment of RSV(RAV-I) to CEF plasma membranes induced by incubating this virus with 2o and 4 ° #g (neutral sugar) of the ASA. Exposure of the virus to these two concentrations of ASA reduced the binding by 40 % and 6o %; the inhibitory activity was dependent upon the concentration of ASA either as sugar (Fig. I b) or protein (not shown). ASA was also released when CEF surfaces were exposed to trypsin immobilized on Sepharose, but the total activity removed from the cells was 3o to 4o % less than when enzyme solutions were used. Early studies were conducted with both trypsin and pronase, the latter was slightly (Io to 2o %) more effective in releasing activity which retarded ATV binding by the plasma membranes, but was more toxic to the CEF. The effect of ASA solubilized from gs-CEF upon RSV(RAV-0 binding is illustrated in bars no. 2 and 3 in Fig. 2 (a) and the effect on RSV(RAV-2) attachment is shown by the same bars in Fig. 2 ( Io
* I x Io 7 secondary CEF were removed from culture and resuspended in 0.8 ml of buffer containing labelled RSV(RAV-I) (approx. 2ooo ct/min) or RSV(RAV-2) (approx. 200oo ct/min). The mixture was incubated at 4 °C for 45 min on a metabolic shaker. The cells were sedimented for 4 rain at iooo g after dilution with cold PBS, washed twice, and the TCA-precipitable radioactivity measured. For studies with ASA, the virus was pre-incubated with varying amounts of ASA (expressed as #g neutral sugar) or TEN buffer (control) for 30 min at 4 °C before adding cells.
t N = number of duplicate determinations. * RSV(RAV-I) was exposed to ASA (60 #g neutral sugar) for I h at 4 °C. This mixture was then diluted and assayed for Lf.u. Control virus was diluted in a similar manner after exposure to TEN buffer. The percentage of loci in treated versus control in duplicate plates from the sum of these experiments was 47+ I6% (s.d.).
shown) had inhibitory activity. Bar no. 4, Fig. 2 (b) , shows that trypsin treatment of equivalent volumes of human erythrocytes and CEF revealed no significant inhibitory activity in the erythrocyte trypsin digest. When large volumes of human erythrocytes were trypsinized, some inhibitory activity could be demonstrated, but it appeared that between IOOO and 5ooo human erythrocytes must be treated with trypsin to produce activity equivalent to that released from a single CEF. Further studies to define the specificity of ASA are illustrated in Fig. 3 . Murine embryo fibroblasts (MEF) and CEF were treated with trypsin in identical fashion and the material isolated from each was further purified by ethanol fractionation. These ASA fractions were then examined for their ability to inhibit the attachment of RAV-I (Fig. 3 a) and RAV-2 (Fig. 3 b) to intact CEF. While some inhibitory activity was present in the material liberated from the MEF, the curves are clearly separate indicating some degree of specificity in the interaction between the virions and ASA derived from CEF. A further control (Fig. 3 c) shows that ASA from CEF does not inhibit attachment of labelled MSV(MuLV) to NB-tropic MEF over a wide range of ASA concentrations. Similarily, attachment of MSV(MuLV) to lymphoma cell lines was not inhibited by ASA from CEF (data not shown). 
Characterization of the ASA
Attachment site activity appears soluble since it remained in the supernatant fluid after centrifugation at tooooo g for 3o min. Further results of experiments designed to characterize the nature of the binding inhibitor are summarized in Table 3 -Enrichment was obtained by ethanol fractionation with the majority of the activity appearing in the 2o to 7o% ethanol precipitate. When analysed by SDS gel electrophoresis this material shows ten Coomassie blue positive and nine periodic acid-Schiff bands, the largest with an apparent mol. wt. of 6oooo. ASA was resistant to periodate oxidation and RNase A digestion, and activity was recovered in the aqueous phase after extraction with organic solvents. Exposure to o'5 ~-NaOH followed by borohydride reduction completely destroyed the activity. No activity bound to RCA I, but some activity did bind to concanavalin A Sepharose and could be eluted with a-methyl mannoside. Molecular sieve chromatography revealed that the active material was present in several size classes with the bulk of the activity eluting internally in a broad peak (fractions 5o to 66) on Bio-Gel P-Io (Fig. 4a) . Considerable variation in the elution pattern of ASA is found when different preparations are examined by molecular sieve chromatography. Presumably this represents both the difficulty in precisely regulating the degree of proteolysis during preparation and variable aggregation of the soluble material. CEF surface digest Human erythrocyte 
Release of the soluble attachment site from the CEF surfaces is not totally dependent upon extensive proteolysis
Supernatant fluids obtained from CEF incubated in the absence of trypsin contained material which inhibited virus attachment to CEF membranes. These cells, however, were exposed to dilute trypsin solutions briefly when they were removed from culture and then incubated at 37 °C for I h. Exposure of the CEF to cycloheximide before removal from culture and during incubation did not block this spontaneous appearance of attachment site activity. Incubation of the CEF at 4 °C markedly reduced the appearance of inhibitory activity. These results indicated that attachment site activity may be shed spontaneously into the supernatant fluid by CEF upon removal from culture and incubation at 37 °C. Inclusion of trypsin, however, increased the release 2o-to 4o-fold (Table 4) .
Direct binding of ASA to unlabelled RSV(RA V-z)
Evidence for direct binding of some of the trypsin solubilized cell surface material to unlabelled RSV(RAV-I) is provided by the experiments illustrated in Fig. 5 . CEF cell surfaces were labelled with sodium 3H-borohydride after reaction with pyridoxal phosphate (Rifkin et al. I972; Fig. 5b ), or after reaction with galactose oxidase (Critchley et al. I976) .
These cells were then extensively washed and treated with trypsin to release labelled surface fragments. After dialysis this labelled material was incubated with purified unlabelled ATV. Controls included the labelled cell surface digest incubated with RSV(-) which binds poorly to cell surfaces in the absence of polycations, poliovirus, or media alone. Following incubation, these mixtures were sedimented in identical 20/60 ~o sucrose gradients at IOO ooo g for 2"5 h. More of the labelled cell surface digest migrated with RSV(RAV-0 than when this labelled material was sedimented alone (Fig. 5) . This change in migration represents some non-specific trapping of radioactivity , but more of the labelled material (I to 3 % of input counts) co-migrated with RSV(RAV-0 than with poliovirus (Fig. 5b) or RSV(-) (Fig. 5a ). These studies may indicate that some of the labelled material binds directly to the ATV and migrates with the virus through the gradient. However, non-specific trapping of radioactivity by the control viruses, polio and RSV(-) is significant, and further identification of the material binding to RSV(RAV-0 has not been possible. 
.G] or media (A---A)
. These mixtures were incubated for I h at 4 °C, sedimented on a discontinuous 2o/6o % sucrose gradient at IOOOOO g for 2"5 h, and the total radioactivity in each fraction measured. The migration of virus alone is indicated by the arrow. (b) As in (a) except CEF were labelled by exposure to pyridoxal phosphate and sodium 3H-borohydride (Rifkin et al. 1972) and poliovirus ((3 ..... (3) was used as control for non-specific trapping of labelled ASA. Fig. 4 demonstrates that the labelled material which binds directly to RSV(RAV-I) chromatographs on Bio-Gel P-Io in a similar fashion to ASA. As previously stated most of the activity which impairs virus binding to CEF was recovered in fractions 5o to 66 after chromatography of ASA on this column (Fig. 4a) . A peak of radioactivity was seen in the same region when a trypsin digest obtained from CEF labelled at the surface by sequential treatment with galactose oxidase and sodium 3H-borohydride was chromatographed on an identical column (Fig. 4b -the second peak migrates with the same mobility as free sodium 3H-borohydride). The labelled cell surface digest was incubated with RSV(RAV-I) or polio virus (as in Fig. 5b ). After incubation these mixtures were sedimented in a sucrose gradient, and the virus associated counts Collected (i.e., tubes a and 3 in Fig. 5 ). The label was eluted from each virus by exposure to 6 M-urea, and the eluted counts applied to a Bio-Gel P-Io column (Fig. 4c) . A peak in the same area as that seen for the blocking activity (Fig. 4a) is noted for the counts elated from the RSV(RAV-I) but not those non-specifically trapped by the poliovirus. While not conclusive, this experiment suggests that two properties of the trypsin solubilized ASA -the capacity to block virus attachment to plasma membranes and the ability to bind directly to ATV -share the same mobility on Bio-Gel P-IO and therefore may reside on the same structure. Sufficient labelled material could not be eluted from the RSV(RAV-I) to determine if the label was in galactose, and positive identification as glycoprotein has not been possible.
C.F. MOLDOW AND OTHERS
DISCUSSION
In order to gain insight into the early events in ATV infection, our studies have attempted to separate adsorption from penetration. Binding of virus to purified membrane fractions at low temperature eliminates the participation of intracellular structures, and isolates the attachment step for study. Similar techniques have been used to elucidate the nature of membrane interactions with influenza (t~iampor & Kri~anovfi, I97I) and enteroviruses (Roesing, Toselli & Crowell, i975 ). The present study shows that material released from the cell surface following protease treatment will block virus attachment to intact CEF and CEF plasma membranes. In addition, this material binds directly to virus and appears to reduce the transforming capacity of two separate ATV subgroups.
It could be argued that the viruses were disrupted upon exposure to the ASA, preventing their attachment to the cell membrane. However, virus nucleic acid remains resistant to ribonuclease after exposure to ASA, and there is no release of acid-precipitable radioactivity after incubation of aH-glucosamine labelled virus with solubilized attachment site at 4 °C (C. F. Moldow, unpublished observations). Since the virus does not attach effectively after exposure to the soluble material, and yet appears intact by the above criteria, we infer that the ASA interacts directly with the virus surface, reducing its capacity to bind either to CEF membranes or cell surfaces.
Soluble attachment site activity is shed into the medium by washed ceils after removal from their substratum with dilute trypsin. This spontaneous release is inhibited at 4 °C, but not by cycloheximide treatment. The presence of a higher concentration of trypsin in the incubation mixture increased the release of the attachment site activity 2o-to 4o-fold. It seems that surface structures may be released spontaneously; whether this represents surface 'remodelling', secretion of membrane fragments, or lysis of a small number of cells is not clear.
ASA may be solubilized by either trypsin or pronase. Immobilized enzymes were slightly less effective. The majority of the studies presented utilized trypsin since cell viability was higher after trypsin exposure. Membranes prepared from cells extensively treated with trypsin will bind RSV(RAV-I) (Moldow et al. i976 ), albeit at reduced levels, but not RSV(RAV-2). Since the trypsin solubilized ASA inhibits membrane binding by both these pseudotypes, this may indicate increased numbers of cellular attachment sites for RSV-(RAV-I) or that the sites for this virus lie both proximal and distal to the loci of trypsin attack.
Host range restriction of ATV does not occur during initial attachment, so the specificity of ASA interactions with ATV was examined in several experiments. Since ASA is a crudely purified cell surface digest it is anticipated that it might react with many viruses which bind to CEF. Human erythrocyte ghosts do not bind significant amounts of RSV(RAV-I) or RSV(RAV-2) (Moldow et al. I976) . Trypsin treatment of a volume of erythrocytes equal to the volume of CEF used reveals no inhibitory activity in the erythrocyte trypsin digest indicating some degree of specificity. However, when large numbers of erythrocytes are exposed to trypsin, some activity may be detected. Furthermore, ASA isolated from mouse embryo fibroblasts is clearly less effective in blocking RAV-I and RAV-2 attachment to chick cells than ASA isolated from CEF. In addition the chick derived ASA had no effect upon MSV(MuLV) attachment to MEF. Chick cell ASA did block attachment of Sindbis virus (data not shown) to CEF indicating that ASA does (as expected) contain sites for other viruses which attach to chick cells. It is not clear whether the low levels of ASA activity obtained from erythrocytes or MEF represent 'sticky' surface fragments with structures similar to the CEF attachment site or non-specific interference with the binding assays. Final purification of the CEF attachment site will permit a more direct quantification of structures present on both avian and other membrane surfaces, but certainly the ASA seems to exert a more pronounced effect upon viruses which attach to and bud from chick cells. Precise measurement of the actual number of virus attachment sites on CEF is not currently possible. Since all binding studies are performed at time intervals and with membrane protein concentrations below saturation, this inability to quantify virus attachment sites does not interfere with interpretation of our binding inhibition studies.
Although attachment site characterization is not completed, some generalizations may be made. Oxidation of terminal non-reducing sugars with sodium periodate did not reduce the soluble activity and may, in fact, have enhanced it. The rather modest amounts of ASA available prevented the use of serial periodate oxidation in an attempt to oxidize sugars sequentially and identify a haptene determining attachment activity. The loss of activity after alkaline hydrolysis may imply the presence of a sugar chain linked to a protein backbone via an o-glycoside or glycosidic ester linkage. However, non-specific denaturation of protein remains an alternative explanation. The ASA is a cell surface component which is stable to heat, released by protease digestion, not extractable by organic solvents, and RNase resistant. These studies are consistent with the release of glycopeptides representing both small fragments and larger more complete portions of parent glycoprotein molecules. In addition, lithium di-iodosalicylate which has been used to solubilize the principal glycoprotein of the human erythrocyte with preservation of its influenza binding activity (Marchesi & Andrews, 1971) has also been successfully used to solubilize material from the CEF plasma membrane which antagonizes virus membrane binding (Moldow, McGrath & Peterson, 1977) .
Despite some non-specific association of radioactivity with virus, some of the material prepared by trypsinization of the cell surface after the plasma membrane was labelled with sodium 3H-borohydride appeared to attach directly to RSV(RA¥-I). In addition, this label, when eluted from the virus, chromatographs in the same position as the activity which retards virus binding to the CEF plasma membrane. This may indicate that these two properties are present on the same structure.
The data support the concept that ATV initial attachment is mediated through the binding of virus glycoproteins to cell surface structures which may also be glycoprotein. These sites can be solubilized by enzymic digestion of the cell surface and appear to attach to the virus in vitro preventing subsequent binding to the CEF surface and thereby impairing virus interactions with CEF in culture.
